background: Cryopreservation of follicles for culture and oocyte growth and maturation in vitro provides an option to increase the number of fertilizable oocytes and restore fertility in cases where transplantation of ovarian tissue poses a risk for malignant cell contamination. Vitrification for cryopreservation is fast and avoids ice crystal formation. However, the influences of exposure to high concentrations of cryoprotectants on follicle development, oocyte growth and maturation, and particularly, on the DNA integrity and methylation imprinting has not been studied systematically.
Introduction
Disease, senescence and radio-and chemotherapy for cancer treatment can result in the complete loss of female reproductive capacity and premature ovarian failure, especially when alkylating drugs and pelvic radiation are involved (Larsen et al., 2003; Wallace and Thomson, 2003; Agarwal and Chang, 2007; Cohen, 2008; Oktem and Oktay, 2009) . In order to preserve fertility, there is a demand to improve cryopreservation and follicle culture, and assess safety of cryopreservation for oocyte health and genomic integrity (Gook and Edgar, 2007; Amorim et al., 2009; Smitz et al., 2010) . Cryopreservation of individual follicles has been proposed as an approach to reduce risks of contamination by malignant cells. For cryopreservation of ovarian tissue, the additional two-step culture of follicles may be an option to obtain maximal numbers of healthy oocytes for restoration of fertility (Barrett et al., 2010; Smitz et al., 2010) . Follicle culture if done under appropriate conditions may provide the basis for efficient survival, recruitment and generation of viable, healthy oocytes with good developmental capacity (Barrett et al., 2010) .
Efficient growth and maturation of oocytes within the follicle involves intricate bi-directional signalling between the oocyte and the somatic cells in the follicle (Matzuk et al., 2002; Gilchrist et al., 2008; Su et al., 2009) and direct exchange of molecules via gap junctions on transzonal projects (TZPs). Importantly, during the growth phase oocytes acquire many proteins, RNAs and cell organelles that are necessary for spindle formation and high-fidelity chromosome segregation, as well as maternal products needed during early embryogenesis until zygotic gene activation occurs (reviewed by Eichenlaub-Ritter and Peschke, 2002; Eichenlaub-Ritter, 2007; Hutt and Albertini, 2007; Matzuk and Lamb, 2008; Picton et al., 2008) .
During follicle development and oocyte growth, de novo methylation of maternally imprinted genes takes place in a temporally coordinated gene-specific manner. Acquisition of methylation imprints is completed before resumption of maturation and is essential for parentspecific expression in the embryo and offspring of the fertilized oocytes (Lucifero et al., 2004a,b; Ciccone et al., 2009) . Disturbances in this epigenetic reprogramming can have long-lasting adverse effects, and cause imprinting diseases like Beckwith-Wiedemann and Angelman syndromes (Paulsen and Ferguson-Smith, 2001; Horsthemke and Ludwig, 2005; Horsthemke and Buiting, 2008; Feil, 2009a,b) . Imprinting mutations can cause impaired development, abnormal growth or abortion and/or predispose offspring to epigenetic disease and cancers (Amor and Halliday, 2008; Feil, 2009a,b; Oven and Segars, 2009; Pliushch et al., 2010; Zechner et al., 2010) .
Cryopreservation by vitrification is fast, and tissues/cells are only briefly exposed to relatively high concentrations of cryoprotectant agents (CPA) (25 s to 5 min) before ultrarapid cooling and storage in liquid nitrogen, nitrogen slush or nitrogen vapors are performed. The rapid increase of cellular viscosity during rapid cooling until a glasslike amorphous status is reached (a process called solidification), occurs in a tick of seconds (Fahy et al., 1984) and is ideally accomplished without any physical ice crystal formation. Problems related to oocyte and follicle freezing are mainly based on the differential permeability properties of the somatic cells and the large oocyte to water, osmolites and cryoprotectant, which may induce differential shrinking and morphology changes before and after vitrification during equilibration in cryoprotectants or media (Van den Abbeel et al., 2007) . This can result in cell death, e.g. owing to permanent or transient loss of cell -cell communication by actin or tubulin-rich TZPs (aTZPs or tTZPs), which are long cytoplasmic protrusions that extend through the thick layer of extracellular matrix and the zona pellucida, from the granulosa cells to the oolemma. These protrusions are crucial for anchoring, efficient cell -cell interactions and formation of gap-junctional communication by heterologous connexin channels (Kidder and Mhawi, 2002) . They are also important for production and transfer of granulosa cell-produced metabolites like amino acids (Colonna and Mangia, 1983; Leese and Barton, 1984; Haghighat and Van Winkle, 1990 ) and carbohydrates to the oocyte (Saito et al., 1994; Johnson et al., 2007;  for review see , as well as for transfer of inhibitory molecules, like cyclic guanine monophosphate and cyclic adenosine monophosphate, which retain oocytes in meiotic arrest (Edry et al., 2006; Vaccari et al., 2008; Norris et al., 2009) . The oocyte -granulosa cell regulatory loop also involves growth factors like GDF9, BMP15 and Kit/KitL and is essential for fine-tuning of gene expression and metabolism in both the oocyte and granulosa cell compartment (reviewed in Eppig et al., 2005; Hutt and Albertini, 2007; Gilchrist et al., 2008; Su et al., 2009; Hasegawa et al., 2009) . Loss of TZPs and tight granulosa/oocyte apposition, but also brief exposures to potentially toxic cryoprotectants, could therefore have profound immediate effects on cell survival and may also influence oocyte growth and gene expression, and granulosa cell differentiation indirectly. In particular, it may disturb the growth-associated imprinting processes in the oocyte, and the health and susceptibility of the oocyte to meiotic errors and epigenetic alterations during oocyte maturation and after fertilization.
Slow freezing to cryopreserve pre-antral follicles of the mouse results in good survival and development to the antral stage (Cortvrindt et al., 1996) . However, vitrification appears to alter protein and ion homeostasis in metaphase II oocytes to a lesser extent than some slow freezing protocols (Katz-Jaffe et al., 2008) . Kuwayama et al. (2005) developed the Cryo-Top vitrification protocol for human metaphase II oocytes, which has been widely used to preserve mature oocytes and ovarian tissue (e.g. Kuwayama et al., 2005; Antinori et al., 2007; Cobo et al., 2008a,b; Kagawa et al., 2009; Rienzi et al., 2010; Ubaldi et al., 2010) . The influences of vitrification requiring high CPA on growing oocytes and their ability to maintain and establish methylation imprints are still unknown, especially when the normal developmental program is interrupted by vitrification, and possibly by loss of cell-cell contacts. Therefore, we vitrified mouse pre-antral follicles before culturing them for 12 days to obtain large follicles with antral-like cavities for induction of in vitro maturation (IVM) and ovulation. Numerous studies have reported the reliability and usefulness of mouse pre-antral follicle culture to assess adverse influences of handling and culture conditions on follicle differentiation, maturation rates and gene expression (e.g. Cortvrindt and Smitz, 2002; Sun et al., 2004) .
Methylation imprints are completely erased during primordial germ cell formation to achieve an equivalent epigenetic state for paternal and maternal germ cells. Female germline-specific methylation patterns (maternal imprints) are established in a gene-specific pattern during the transition from the primordial to the antral stage of folliculogenesis (Lucifero et al., 2004a,b; Hiura et al., 2006) . Snrpn and Igf2r possess methylated differentially methylated regions (DMRs) in oocytes, and therefore are excellent candidates for evaluating imprint establishment in the female germ line (Lucifero et al., 2004a,b) . Previous studies showed that imprinting of Snrpn is incomplete in pre-antral follicles of 12-day-old prepubertal mice (Anckaert et al., 2009a,b) . Maternal methylation imprints are completed in late stages of development of follicles/oocytes in vivo, at 15 days post-partum in the mouse (Lucifero et al., 2004a,b) . Snrpn and Igf2r methylation should therefore be acquired during the in vitro growth of oocytes from pre-antral follicles of 12-day-old mice cultured for 10-12 days during which follicles develop to the large antral stage. The DMR of the paternally imprinted H19 gene should remain unmethylated in oocytes. Abnormal H19 methylation in oocytes is consistent with incomplete erasure of DNA methylation in the primordial germ cells and/or failure of the mechanism that should protect paternally imprinted genes from de novo methylation during oogenesis. Previous studies reported normal methylation patterns in mouse metaphase II oocytes obtained from pre-antral follicle culture (Anckaert et al., 2009a,b) . Healthy pups could be derived from embryos obtained from metaphase II oocytes that were in vitro fertilized followed by embryo transfer to foster mothers (reviewed in Smitz and Cortvrindt, 2002) .
The first objective of this study was to compare follicle and cell survival, oocyte growth pattern and maturation rate, as well as spindle, chromosome behaviour and chromosomal constitution of metaphase II oocytes, after induction of in vitro ovulation by recombinant hCG and epidermal growth factor (EGF), between controls and oocytes that were vitrified within pre-antral follicles. In the second part of the study, we compared the methylation patterns between the in vitro grown germinal vesicle (GV)-stage oocytes from follicles of the control and the vitrified group, along with in vivo grown GV-stage oocytes.
Materials and Methods

Animals
Pre-antral follicles were obtained from prepubertal 12 -14-day-old F1 hybrid female C57/Bl6J X CBA/Ca mice which were housed in the university animal unit in a temperature controlled environment with 12 h light/ dark cycles. Animals were fed with R/M pellets (Ssniff, Soest, Germany) and water ad libitum. All experiments were done in accordance with German law with the permission of the university authorities.
Pre-antral follicle isolation and culture
Ovarian pre-antral follicles were isolated from 12-to 14-day-old C57/ Bl6J × CBA/Ca mice and cultured essentially as previously described Sun et al., 2004; Van Wemmel et al., 2005) . In short, dissected ovaries were placed in Leibovitz L-15 isolation medium (PAN, Aidenbach, Germany) supplemented with 10% fetal calf serum (FCS; Invitrogen, Karlsruhe, Germany), 100 IU/ml penicillin (Invitrogen) and 100 mg/ml streptomycin (Invitrogen). After mechanical release from ovarian tissue, follicles with a diameter of 110 -130 mm and two to three layers of granulosa cells with an intact basement membrane and some theca cells (3b follicles; Pedersen and Peters, 1968) were selected for vitrification and culture.
Fresh or vitrified pre-antral follicles were individually cultured in a humified incubator with 5% CO 2 at 37 o C in 96-well microtiter plates (Corning, Amsterdam, Netherlands) in 50 ml culture medium under 30 ml mineral oil (Invitrogen). Culture was for 12 days with 20 ml replenishment of medium every 4 days. Medium consisted of a-MEM glutamax (Invitrogen) with 5% FCS, 5 mg/ml insulin, 5 mg/ml transferrin, 5 ng/ml sodium selenite (ITS; Sigma, Munich, Germany) and 10 mIU/ml recombinant follicle stimulating hormone (rFSH). About 10 mIU/ml recombinant luteinizing hormone (rLH) was added only once at the beginning of culture (hormones kindly donated by Serono, Darmstadt, Germany). At Day 10 or 12, IVM and ovulation were stimulated by 5 ng/ml recombinant epidermal growth factor (rEGF; Promega, Mannheim, Germany) and 1.5 IU/ml recombinant human chorionic gonadotrophin (rHCG; kindly donated by Serono). Oocytes were harvested 18 h later for spindle formation and cytogenetic analysis.
Vitrification of pre-antral follicles
The vitrification protocol was a minor modification of the Cryo-Top vitrification procedure (Kuwayama et al., 2005; Kuwayama, 2007) . In short, 10 pre-antral follicles per vitrification straw were transferred to equilibration solution 7.5% dimethylsulfoxid (DMSO, Sigma), 7.5% ethylene glycol (EG, Sigma) and 15% FCS (Sigma) in HAMs F-10 medium (Invitrogen) at room temperature for 3 min. After 60 s in vitrification solution (15% DMSO, 15% EG, 0.5 M sucrose and 15% FCS in HAMs F-10), 10 preantral follicles were transferred from a thin glass pipette (Ø150 mm) onto the tip of a sterile plastic straw (5 mm × 100 mm; 3 M, Neuss, Germany). Most of the vitrification solution was then removed such that follicles were still covered by a thin layer of vitrification solution within a minimal volume of solution before being plunged into liquid nitrogen. For thawing, the tips of straws were immersed into thawing solution (1 M sucrose, 15% FCS in HAMs F-10) in a prewarmed centre well dish (16 × 55 mm, Nunc, Langenselbold, Germany) for 60 s at 378C such that the follicles detached from the straw. After transfer to dilution solution (0.5 M sucrose, 15% FCS in HAMs F-10) and 3 min rehydration at 378C, follicles were washed twice for 5 min in Leibovitz L-15 isolation medium at 378C before culture was performed as in the control.
Scanning electron microscopy of vitrified follicles
Fresh, vitrified and thawed pre-antral follicles were fixed in phosphatebuffered saline (PBS; Oxoid, Wesel, Germany) containing 4% paraformaldehyde (2 h, 48C), washed in PBS and dehydrated in ethanol. After critical point drying (BAL-Tec CPD 030, Balzers, Liechtenstein), the pre-antral follicles were sputtered with platinum after a short glow discharge (30 mA, 300 s; BAL-Tec SCD 005). Analysis was done with a Hitachi SEM 450 electron microscope (Hitachi, Krefeld, Germany).
Immunofluorescent staining
Pre-antral follicles and oocytes were fixed in a modified buffer originally described by Mattson and Albertini (1990) . In brief, follicles were fixed in 2% paraformaldehyde, 0.1% Triton X-100, 1 mM taxol, 0.01% aprotinine, 0.1 M Pipes, pH 6.9, 5 mM MgCl 2 and 2.5 mM EGTA for 45 min at 378C. After blocking for 60 min at 378C by 0.2% sodium azide, 2% normal goat serum, 0.2% powdered milk, 0.1 M glycine, 0.01% Triton X-100 and 1% bovine serum albumin in PBS, the probes could be stored in blocking solution at 48C for up to 4 weeks. For immunofluorescence analysis, follicles were stained by phalloidin-TRITC (50 mg/ml in PBS; Sigma), and DNA was stained by 10 mg/ml 4,6-diamindino-2-phenylindole (DAPI). Follicles were mounted in 90% glycerol-PBS solution supplemented with 0.2% 1,4-diazabicyclo[2.2.2]octane antifade (DABCO; Sigma) for analysis of actin-rich transzonal projections in vitrified and untreated pre-antral follicles and viewed with a Leica LCSSP2 confocal laser scanning microscope (Leica Microsystems, Wetzlar, Germany). Data were derived from five independent experiments. Spindle conformation and chromosomal alignment were analysed in in vitro matured metaphase II oocytes at the end of follicle culture on Day 13 as described previously (Eichenlaub-Ritter and Betzendahl, 1995; Sun et al., 2004) . In short, the zona pellucida was removed by a brief pronase treatment (Boehringer, Ingelheim, Germany) and oocytes were subsequently placed into microtubule-stabilizing extraction buffer [50 mM KCl, 5 mM EGTA, 0.5 mM MgCl 2 , 25 mM HEPES, 20 mM phenyl-methyl-sulfoxide, 25% (v/v) glycerin and 2% (v/v) Triton X-100]. After attachment to poly-l-lysine coated slides, fixation was by methanol at 2208C. The spindle was labelled by a mouse monoclonal anti-a-tubulin antibody (25 mg/ml in PBS; Sigma) followed by an anti-mouse FITCconjugated secondary antibody (750 mg/ml in PBS; Sigma), and chromosomes were stained by DAPI. Images were recorded with a Leica LCSSP2 confocal laser scanning microscope.
Gamma H2AX staining for detection of DNA double-strand breaks Analysis of double-strand DNA breaks in oocytes was performed in five groups: oocytes fixed directly after vitrification of pre-antral follicles (t 0cryo ) or at 2 (t 2cryo ) or 24 (t 24cryo ) hours later, and controls fixed after retrieval (t 0control ) or 24 h (t 24control ) of culture. Basal lamina and granulosa cells were removed by collagenase digestion (2 mg/ml collagenase type IV in PBS containing 10 mM cilostamid; Sigma) for 45 min at 378C before denuded oocytes were fixed as described above and labelled with a mouse monoclonal antibody to phosphorylated gH2AX (10 mg/ml in PBS; Abcam, Cambridge, USA) followed by FITC-conjugated anti-mouse antibody and DAPI staining (see above). Numbers of gH2AX positive foci were determined using a Zeiss Axiophot fluorescence microscope (Zeiss, Jena, Germany) at 1000-fold magnification in an optical section through the centre of the oocyte at its largest nuclear diameter.
Carboxyfluorescein diacetate succinimidyl ester solution/propidium iodide viability staining
At 24 h after the vitrification process, pre-antral follicles were incubated with carboxyfluorescein diacetate succinimidyl ester solution (CFDA SE; 100 mg/ml in Leibovitz L-15; Invitrogen) for 50 min at 378C, followed by propidium iodide (PI; 100 mg/ml in PBS; Sigma) staining. Prior to paraformaldehyde fixation and mounting (see above), follicles were washed for 10 min in Leibovitz L-15 containing 10 % [v/v] FCS. Numbers of CFDA SE (l em 517 nm) or PI (l em 617 nm) positive granulosa cells and oocytes were counted with a Leica LCSSP2 confocal laser scanning microscope in an image of the centre of the pre-antral follicle, defined by cross section through the nucleolus in the GV-stage oocyte.
Follicle developmental kinetics and oocyte diameter
At Day 4, 8 and 12, the development of the in vitro grown follicles was evaluated and classified into five groups as previously described . In short, follicles in the first stage (follicle) contain the oocyte with two layers of granulosa cells and theca cells; at the second stage (follicle/diffused) some granulosa cells grow through the basement membrane and the theca cells attach; at the diffused or third stage, granulosa cells proliferate and flatten on the surface of the well; at the diffused/antrum stage differentiation into mural and cumulus granulosa cells becomes visible; and at the antrum stage antral-like-cavities have formed. For statistical analysis, each stage was labelled in ascending numbers (follicle ¼ 1, follicle/diffused ¼ 2, diffused ¼ 3, diffused/ antrum ¼ 4 and antrum ¼ 5).
Oocyte diameter was determined after culture for 4, 8 or 12 days and after IVM at Day 13 in paraformaldehyde-fixed oocytes (Mattson and Albertini, 1990) , using a light microscope (Axiophot, Zeiss) at 1000-fold magnification.
Chromatin organization
Cumulus -oocyte complexes were obtained from follicles at Day 12. Oocytes were denuded and stained by DAPI (10 mg/ml in PBS) and mounted in 20% glycerol-PBS with 0.2% DABCO. Images were taken with a fluorescence microscope (Axiophot, Zeiss) at 1000-fold magnification with a CCD camera (Axiocam MR; Zeiss). According to the presence or absence of a dense chromatin ring surrounding the nucleolus, the oocytes were classified as described previously (Zuccotti et al., 1995) . Numbers of oocytes with non-surrounded nucleolus (NSN) and surrounded nucleolus (SN) were recorded.
Analysis of maturation rate
For analysis of maturation rate, oocyte/cumulus complexes were harvested 18 h after rEGF/rHCG stimulation on Day 13. Cumulus was removed by treatment with 300 IU/ml hyaluronidase (Sigma) in M2 medium (Sigma). Numbers of degenerated oocytes and oocytes with GV, GV breakdown (GVBD) or first polar body (PB) were determined.
Chromosomal analysis
For chromosomal analysis, PB oocytes from pre-antral follicle culture were isolated on Day 13 and spread and C-banded as previously described (Tarkowski, 1966; Eichenlaub-Ritter and Betzendahl, 1995; Sun et al., 2004; Shen et al., 2008) . Metaphase II oocytes were classified into three subgroups: euploid oocytes with 20 metaphase II chromosomes, hyperploid oocytes with .20 chromosomes and hypoploid oocytes with 16 -19 chromosomes. Numbers of metaphase II oocytes with chromatids (premature chromatid segregation) were assessed in all groups.
Polarization microscopy
Analysis of PB formation was performed with Nikon Eclipse TE2000-S (Nikon, Düsseldorf, Germany) and OCTAX Eye Ware Software (MTG Medical Technology, Bruckberg, Germany) at 378C from 7 h up to 16 h of culture. In vitro grown GV oocytes (in vitro control and vitrified) were isolated at Day 12 of follicle culture from large antral-like follicles. After mechanical removal of cumulus-cells, denuded GV oocytes were transferred to 5 ml M2 medium covered with embryo oil (Irvine Scientific, Santa Ana, CA, USA) to complete IVM under the microscope. The in vivo control oocytes were isolated from large antral follicles of female mice in diestrous of the natural cycle; cumulus cells were removed and IVM was performed as described above.
Methylation analysis
Methylation patterns of Snrpn, Igf2r and H19 were analysed in GV oocytes grown in vitro (vitrified and control group) and cultured for 10 or 12 days as well as in in vivo grown GV-stage oocytes from large antral follicles isolated from adult female C57/Bl6J × CBA/Ca mice at diestrous of the estrous cycle. After mechanical removal of all cumulus cells by gentle pipetting and three washes in PBS, 10 GV oocytes were pooled for each sample, washed three times briefly in PBS, frozen and stored at 2808C for up to 4 months. For Snrpn and H19, 11 oocyte samples with 10 GV-stage oocytes each were obtained from 8 to 9 cultures for the in vitro control and vitrified groups as well as 8 samples with 10 GV-stage oocytes each from 3 females for the in vivo grown oocyte control. For Igf2r, 8 and 7 samples with 10 oocytes each were also analysed in the in vitro control and vitrified group, respectively, and 4 samples were used for the in vivo grown control.
Limiting dilution (LD) allows one to delineate the methylation patterns of individual DNA molecules in small amounts of DNA from samples of 10 oocytes each. Bisulfite treatment of the thawed samples was performed with the EZ DNA Methylation-Direct Kit (Zymo Research, Orange, USA). The bisulfite-treated DNA of the 10 oocytes was then diluted to a final volume of 200 ml and evenly distributed into 20 wells of a microtiter plate. Because bisulfite-treated DNA is heavily degraded, most tubes contain no or only one allele and very rarely two alleles of a given gene, which can serve as a PCR template. Multiplex PCR for two (Snrpn and H19) or three (Snrpn, H19 and Igf2r) studied genes, followed by genespecific nested PCRs was performed. PCR and sequencing primers (Table I) were designed with the Pyrosequencing Assay Design Software (Biotage, Uppsala, Sweden). AmpliTaq Gold polymerase (Invitrogen, Darmstadt, Germany) was used for multiplex PCR and FastStart Taq polymerase (Roche, Mannheim, Germany) was used for the second-round nested PCR reactions. Bisulfite pyrosequencing was performed on a PSQ96MA Pyrosequencing System (Biotage) with the PyroGold SQA reagent kit (Biotage). The Pyro Q-CpG software (Biotage) was used for data analysis. The main advantage of this LD method is that each DNA molecule in the starting sample is analysed individually. Pyrosequencing can reliably measure methylation levels of a limited number of cytosines in cytosine-phosphate-guanine dinucleotides (CpGs) located within 30 -50 bp 3
′ from the sequencing primer. Our pyrosequencing assays (Table I ) determine the methylation status of nine individual CpG sites in Snrpn, four in H19 and six in Igf2r.
Using this protocol, on average four to five independent alleles of each studied gene can be recovered and analysed from 10 GV-stage oocytes. This corresponds to about 10% of the 40 DNA molecules (alleles) in the starting sample and is more efficient than previous studies in which about 15 alleles were cloned and sequenced from 100 oocytes (Anckaert et al., 2009a (Anckaert et al., ,b, 2010 . However, the LD method limits the number of CpG sites that can be amplified and analysed for methylation patterns from the individual samples.
Statistical analysis
x 2 test with Yates correction was employed for statistical analysis of survival, meiotic progression, chromosomal analysis and chromosomal constitution. Student's t-test was used for analysis of oocyte diameter, total number of gH2AX foci and developmental kinetics during pre-antral follicle culture.
Results
Follicle morphology and survival rate, DNA breaks, and oocyte/granulosa cell apposition and transzonal projections after vitrification
Vitrification of pre-antral follicles immediately after manual isolation from the ovaries of prepubertal females results in death of some follicles. This may be related to osmotic and physical stress during the vitrification process as demonstrated by scanning electron microscopy. Frequently the follicle becomes deformed during vitrification, theca cells tend to lose their typical roundish shape and smooth surface membrane ( Fig. 1A ) and the texture of the basement membrane is no longer visible during vitrification (middle panel, Fig. 1A ).
However, most follicles rapidly restore the typical roundish shape (lower panel, Vital staining by CFDA/PI on Day 1 reveals that some of the theca and granulosa cells die and are therefore stained by PI. Thus, optical cross-sections through the centre of the follicle by confocal microscopy show that significantly more granulosa cells (arrowhead in left image, Fig. 1C ), theca cells (arrow in left image, Fig. 1C ) and oocytes of the vitrified group become PI-positive and appear to undergo cell death at 24 h after vitrification compared with the controls (Fig. 1B) . About 15% of all pre-antral follicles derived from the vitrified group contain more than 20 PI positive granulosa or theca cells, which is significantly higher than in the control (3.5%; P , 0.001). Vice versa, more than 82% of the controls have less than 10 PI-positive cells in the follicle, which is significantly more than in the vitrified group (69%; Fig. 1B ). Moreover, 10.2% of oocytes were PI-positive 24 h after vitrification (right image, Fig. 1C ) compared with only 3.6% in the controls (Fig. 1B) .
Damage and death of the oocyte may contribute to follicular death. Follicles, which fail to attach to the culture well at Day 4 usually die and do not contain a healthy oocyte. Currently, significantly fewer follicles from the vitrified group (84.1%) than from the control (95.3%) attach to the culture well, exhibit proliferation and spreading of theca and granulosa cells, and contain a healthy appearing oocyte at Day 4 of culture (Table II) . There is also a slightly lower rate of follicles that survive from Day 4 to Day 12 in the vitrified (87.2%) than in the control (90.8%) group, but this difference is much smaller than the difference from Day 0 to Day 4. This suggests that most follicles surviving after vitrification and attaching to the culture wells develop to Day 12 (Table II ). It appears unlikely that follicle and oocyte death are induced by DNA damage and double-strand DNA breaks. Most cell types express very efficient repair pathways to eliminate DNA lesions, in particular DNA double-strand breaks, which may occur after exposure to reactive oxygen species produced in normal metabolism, after mechanical/physical stress or after exposures to DNA damaging agents. This is usually accompanied by recruitment of phosphorylated histone H2 (gH2AX) to chromatin next to the DNA lesion (Barton et al., 2007; Kinner et al., 2008; Kuo and Yang, 2008; van Attikum and Gasser, 2009 ) and the formation of gH2AX foci in the nucleus. Since in some cases death of pre-antral follicles may be related to DNA damage to oocytes by vitrification, we analysed DNA integrity by counting gH2AX foci directly after recovery from vitrification, or 2 and 24 h after the vitrification process and recovery, respectively ( Fig. 2A) . Although there is a significant increase in gH2AX foci formation in the nucleus of vitrified oocytes immediately after vitrification and transfer of pre-antral follicles through washing solutions and culture medium (arrowhead, right image, Fig. 2A ) compared with controls (left image, Fig. 2A) , already 2 h after culture the numbers drop to control levels at 24 h after vitrification on Day 1 (Fig. 2A) . Before vitrification 7.8 + 0.4 gH2AX foci were present on average in optical sections through the GV of control oocytes (n ¼ 130), whereas the number of positive spots was significantly increased (P , 0.01) to 11.3 + 0.6 foci in the nucleus of vitrified oocytes (n ¼ 118). However, 2 and 24 h after recovery from liquid nitrogen and subsequent in vitro culture, the total number of gH2AX foci decreased to an average of 8.5 + 0.7 and 8.7 + 0.7 foci, respectively, in the vitrified oocytes (n ¼ 57 and 83, respectively), which were levels indistinguishable from controls seen at 0 and 24 h of culture (7.8 + 0.4 and 8.8 + 0.7 foci, respectively; Fig. 2A ).
Initial loss of developing follicles may be related to somatic or oocyte death as indicated by PI-positive staining. In addition, loss of contacts between cellular compartments may play a role. Confocal laser scanning microscopy reveals a partial or total loss of aTZPs, between the oocyte and the surrounding granulosa cells and the appearance of extracellular spaces between the oocyte and the somatic cell compartments, due to vitrification (Fig. 1E ). In the vitrified group, only 44.1% of pre-antral follicles possess a tight granulosa cell-oocyte apposition as is characteristic for 76.6% of the controls ( Fig. 1D ; Table III) directly after isolation of the pre-antral follicle on Day 0. In contrast, only 23.4% of the untreated controls show signs of partial or total loss of contact between the two cell types (Table III) , which may mainly result from mechanical stress during the isolation procedure, whereas partial or total loss of contacts is found in over 50% of the pre-antral follicles of the vitrified, recovered group on Day 1 (Fig. 1D) . Overall, this means that at least 25% of follicles suffer from morphology changes inherent to the vitrification protocol in addition to partial or complete loss of contacts due to stress during the isolation procedures. However, similar to a recent report on effects of slow freezing on pre-antral follicle development with culture in hydrogen alginate beads (Barrett et al., 2010) , further analysis of the distribution of the TZPs during in vitro culture reveals a fast recovery from loss of actin-rich TZPs in vitrified pre-antral follicles and a dynamic reestablishment of cell-cell interactions via actin-rich cell projections and reattachment of somatic cells to the central oocyte (right image, Fig. 1D ; Table III ). Normal, full contacts are restored while the percentage of partial attachments are steadily reduced during the culture period from Day 0 to Day 4 (Fig. 1D ). There are no more differences in oocyte -granulosa cell apposition and presence of aTZPs between the control and the vitrified follicles on Day 8 or 12 of culture (Table III ; Fig. 1D ). Every one of the analysed growing follicles cultured to Day 8 and 12 in both groups contain a round oocyte with a typical, dense ring of actin-rich TZP surrounding the growing oocyte ( Fig. 1D and E) . The number of aTZPs do not appear to differ significantly between control and vitrified follicles (10.6 + 1.4/10 and 10.1 + 1.2/10 mm, respectively; n ¼ 11 segments from four follicles per each group).
Kinetics of in vitro folliculogenesis and oocyte growth patterns
Similar to the observations in pre-antral follicles cryopreserved by slow freezing (Cortvrindt et al., 1996) , follicle development is significantly delayed in the vitrified group (P , 0.001) compared with the controls. As shown in Fig. 2B , the average value for stage of follicle differentiation in the control group, representing the developmental status of follicles, was decreased by at least 0.2 arbitrary units in each vitrified group analysed at the different time points compared with the values for the control follicles. Accordingly, the formation of antrum-like-structures at Day 12 is significantly lower in the vitrified compared with the control group (P , 0.001): 92.4% of follicles in the in vitro control had formed cavity-like-structures by Day 12 while only 86.1% of oocytes in the vitrified group exhibited antrum-like cavities at this time (Table IV) .
The delayed follicle development lead us to suspect that oocyte growth might also be retarded in the vitrified group and this possibly might affect imprinting which appears to occur at different time points (correlated with oocyte growth) for individual DMRs (Lucifero et al., 2004a,b) . However, there is no significant difference in oocyte growth pattern between in vitro grown oocytes from the control and those from the vitrified follicles (Table V) . The oocyte diameter at Day 12 of culture differs slightly but significantly (P , 0.001) from that of GV-stage oocytes grown in vivo and derived from large antral follicles of adult mice (Table V) .
Although oocytes acquire the competence to mature in vivo and in vitro once they have reached a threshold diameter, GV-stage oocytes with high or low developmental capacity may be of similar size but differ in their transcriptional activity. Transcriptionally silenced oocytes with high developmental potential possess a dense ring of chromatin surrounding the nucleolus in the GV oocytes (SN; Bellone et al., 2009 capacity still possess a NSN (Zuccotti et al., 1995) . There is no significant difference in the percentage of GV-stage oocytes with SN from follicles cultured to Day 12 between the control and vitrified groups (88.6 versus 90.5%, n ¼ 70 and 63, respectively; Table IV ). The numbers of oocytes with NSN is lower in GV-stage oocytes grown in vivo in adult females and isolated in diestrous of the natural cycle from large antral follicles.
Analysis of meiotic progression, spindle formation and chromosomal constitution
Since disturbances in spindle formation, and bi-polar attachment of chromosomes to the spindle may induce a meiotic arrest or delay, we studied progression from metaphase I to metaphase II, in GV-oocytes isolated from control and vitrified follicles at Day 12 of culture and matured in vitro, by non-invasive Octax polarization microscopy ( Fig. 2C and D) . Metaphase I, anaphase I, telophase I and metaphase II spindles can be non-invasively viewed by polarization microscopy (Fig. 2C) . To study meiotic progression, GV-stage oocytes are isolated from follicles at Day 12 of culture and matured in vitro. Oocytes matured to metaphase I after 7 h of culture are placed in a microdrop of culture medium under oil onto a heated microscope stage and viewed by Octax polarization microscope from 7 to 16 -18 h of IVM (Fig. 2C) . The time of PB formation at telophase I is determined in oocytes grown in vivo and isolated from large antral follicles of unprimed female mice at diestrous and those from control and vitrified follicles, grown in vitro during follicle culture (Fig. 2D) . There is no evidence for a disturbance in spindle formation and meiotic progression. Oocytes from all three groups emitted the PB in a similar time interval (Fig. 2D) suggesting that vitrification does not impair meiotic progression.
Accordingly, 553 of 762 oocytes in the control group that were harvested on Day 13 after in vitro growth and maturation in pre-antral follicle culture possess a first PB (72.6%). Unexpectedly, a slightly but not significantly higher percentage of the oocytes from the vitrified group have matured to meiosis II and possess a first PB (433 of 557 oocytes, 77.7%; Table VI ). The numbers of degenerated oocytes and maturation incompetent GV-stage oocytes is low in both groups and does not differ between the control and vitrified group. A slightly but not significantly higher number of oocytes in the control are still in GVBD stage 18 h past the stimulus by rEGF/rhCG (Table VI) compared with the vitrified group. The rate of PB formation differs between the control and vitrified group when stimulation by rEGF/rhCG was on Day 10 of culture. About 72.1% of oocytes in the control emit a first PB (n ¼ 427), which is not significantly different from the 72.6% after stimulation at Day 12 (Table VI) . In contrast, only 60.9% of oocytes from the vitrified group acquire nuclear competence to mature to metaphase II and emit a first PB when ovulation induction is on Day 10 (n ¼ 270), which is significantly different from the control, stimulated on Day 10 (P , 0.01) or 12 (Table VI; P , 0.001).
Since formation of a bi-polar anastral spindle and congression of chromosomes at the spindle equator are hallmarks of healthy oocytes, spindles and chromosome alignment are analysed by immunofluorescent microscopy in metaphase II oocytes of the control and vitrified group after stimulation of maturation on Day 12 ( Fig. 2E ; Table VII ). There is no significant difference in spindle aberrations between metaphase II oocytes of the vitrified compared with the control group (n ¼ 75 and 103; 6.7 versus 4.9% in vitrified and control, respectively; Table VII ). There are only five oocytes with unaligned chromosomes in the vitrified group (6.7%), whereas six oocytes from the control contain displaced chromosomes (5.8%; upper right image in Fig. 2E ; Table VII ). As might be expected from the presence of normal spindles and well-aligned chromosomes, none of the 69 and 87 metaphase II oocytes that can be analysed by C-banding in the control and vitrified group, respectively, is hyperploid and contains more than 20 metaphase II chromosomes (Table VIII) . Most oocytes have 20 metaphase II chromosomes in both groups ( Fig. 2E ; lower right image). Only 3.4% of the in vitro grown and matured oocytes from the vitrified follicles are hypoploid, containing 19 metaphase II chromosomes or less; there are no hypoploids in the control group. The observed hypoploidy rate in the vitrified group is similar to the percentage of hypoploids in oocytes of in vitro grown pre-antral follicles in previous studies (Sun et al., 2004) . There is no evidence for premature chromatid separation in any oocyte of either group (Table VIII) .
Methylation imprints in GV-stage oocytes from in vitro grown control and vitrified oocytes and in vivo grown GV oocytes
For methylation analysis, 10 oocytes each are pooled and frozen before thawing and bisulfite treatment. Using bisulfite pyrosequencing, on average we obtain methylation patterns of 4.4 DNA alleles (independent DNA molecules) from 10 in vivo control oocytes, 4.9 alleles from the in vitro control and 4.5 alleles from the vitrified oocytes. For each group of oocytes, we analysed about 50 alleles (range 40-59) of both Snrpn and H19 and 15 -16 alleles of Igf2r (this gene was not analysed in all samples). Since we suspected that culture to Day 12 might already induce some overmaturity in the controls of pre-antral follicle culture (Segers et al., 2010) , half of the samples were derived from oocytes harvested at Day 10 of culture and half at Day 12. Since there were no apparent methylation differences between earlier and later harvest (data not shown), the data were combined in Table IX . None of the 94 analysed DMR alleles (for all three studied genes) in the in vivo control group show an imprinting mutation (abnormal methylation of the entire allele). In GV oocytes from the in vitro grown, vitrified group, only one of 50 analysed Snrpn alleles, but none of 58 H19 and 15 Igf2r alleles show an imprinting mutation ( Fig. 3 ; Table IX ). In contrast, 4 of 59 (7%) Snrpn and 4 of 49 (8%) H19 alleles in the in vitro grown control group are indicative of imprinting mutations. However, 2 of the 4 abnormal Snrpn and all 4 abnormal H19 alleles are derived from 1 sample of 10 oocytes harvested on Day 12 (Igf2r was not analysed in this sample). This strongly suggests that this sample was contaminated with somatic cell DNA. The differential methylation patterns of imprinted genes in somatic cells would be misinterpreted as imprinting mutations if found in oocytes. H19 is usually methylated during male gametogenesis and not during oocyte growth. When excluding this one contaminated oocyte pool from analysis, two of 47 Snrpn alleles, but none of 39 H19 and 16 Igf2r alleles in the in vitro control group represent imprinting mutations. Because the two remaining Snrpn alleles with paternal methylation imprints are found in different oocyte pools and are the only abnormally methylated allele in the respective samples, they are likely to represent true imprinting mutations. The rate of imprinting mutations (for all three genes) is 0% (0 of 94 alleles) in the in vivo control oocytes, 2% (2 of 102) in the in vitro control (6.5% (8 of 124) with the contaminated pool included) and ,1% (1 of 123) in the vitrified group. Collectively, our data do not provide any evidence for an increased rate of imprinting mutations after vitrification. Most importantly, there is no statistically significant difference between the vitrified and the in vivo control group. When excluding the one oocyte pool with a somatic methylation pattern, there also is no significant difference between the in vitro control and either the in vivo control or the vitrified group.
Abnormally methylated individual CpG sites, i.e. demethylated CpGs within the overall methylated Snrpn or Igf2r DMRs and methylated CpGs in the overall demethylated H19 DMR, represent stochastic methylation errors without functional implications (examples shown in Fig. 3) . In vivo control GV-oocytes show 2.3% (8 of 341) stochastic methylation errors in the Snrpn gene and none in Igf2r and H19 (Table IX) . The error rates in in vitro grown control oocytes (2.3-2.5% for Snrpn, 1.3% for Igf2r and 2.0-2.8% for H19) and in the vitrified group (4.6% for Snrpn, 0% for Igf2r and 1.7% for H19) are similarly low. Although the rate of stochastic methylation errors does not differ significantly between groups, it is noteworthy that in the in vitro control group 7 of 11 errors in the Snrpn DMR affect the first CpG site (CpG error 1 in Fig. 3) , whereas in the vitrified group, 11 of 17 errors occur at the fifth site (CpG error 2 in Fig. 3 ).
Discussion
Delayed development of vitrified pre-antral follicles
The present study shows that Cryo-Top vitrification is an efficient method to cryopreserve pre-antral follicles and obtain good survival and development of follicles. Dela Peña et al. (2002) reported a 20% loss of mouse pre-antral follicles after vitrification using a solution containing EG and raffinose as cryoprotectant. Cryo-Top vitrification with DMSO and EG as cryoprotectants appears therefore more efficient in preserving survival of pre-antral follicles. About 24% of preantral follicles cryopreserved by slow freezing exhibited collapsed oocytes and irreversible damage leading to follicular death (Cortvrindt et al., 1996) . The survival rate of pre-antral follicles by slow freezing and encapsulation in alginate hydrogel was 91.6% at Day 2, compared with 84.1% on Day 4 after vitrification in the present study. However, the survival rate dropped to 82.7% from Day 2 to Day 10 in alginate beads, while it stayed up at 87.2% between Day 4 and Day 12 in the current vitrification protocol. The relative reduction in vitrified follicle survival compared with controls was therefore only 11% in the present study during the first 4 days of culture and an additional 2.5% from Day 4 to Day 12 of culture, suggesting efficient cryoprotection by Cryo-Top vitrification. Degeneration of follicles in vitrification is initially rapid while follicles surviving to Day 4 have a high probability of surviving and producing metaphase II oocytes. Imprinting and oocyte quality of vitrified follicles leads to a slower follicular death at a later time of culture. Thus, in the slow freezing protocol followed by culture of follicles in alginate hydrogel beads, only 57.3% of oocytes emitted a PB, which is significantly different from controls (93%). In our hands 77.6% of the oocytes matured to metaphase II, which is comparable with the controls (72.6%). Therefore vitrification may cause initial loss of follicles but is superior to other methods to preserve follicle and oocyte integrity and support normal growth and maturation of oocytes to metaphase II. Cortvrindt et al. (1996) showed a delay in follicle development after slow freezing of pre-antral follicles using the same culture conditions. By Day 8, only 4% of follicles from pre-antral follicle culture following slow freezing had antrum-like cavities compared with 11% in the controls (Cortvrindt et al., 1996) . Presently, we obtained antrum-like cavities in 40.6% of the vitrified and in 52.7% of the control follicles on Day 8, suggesting more rapid and synchronous follicle development after vitrification compared with slow freezing and generally improved culture conditions. Considering that development assessed by numerical values was only 0.2-0.4 of 5 arbitrary units different at each time point of culture from Day 4 to Day 12, the delay in follicle development by vitrification does not appear to be dramatic, but should be especially taken into consideration when determining timing of ovulation induction. In a preliminary study, we compared development to 2-cell embryos and blastocysts after IVF of oocytes from the control and the vitrified group stimulated by rEGF/hCG either on day 10 or Day 12 of culture (data not shown). Hardly any follicles of the vitrified group reached full developmental competence on Day 10. The rate of 2-cell embryo formation from in vitro fertilized PB oocytes obtained on Day 11 was only half of that of controls also harvested on Day 11. Development to blastocyst was extremely poor (unpublished observations). In contrast, the numbers of 2-cell embryos and blastocysts were similar when the harvest of PB oocytes occurred on Day 13 in both groups. So, in pre-antral follicle culture using a thin oil layer to reduce risks for alterations in pH during medium replenishment, a 12 day culture period and harvest of oocytes on Day 13 appears to be superior to stimulation on Day 10 and harvest on Day 11. This may be due to a slight but relevant delay in follicular development by vitrification. Delayed development significantly influences oocyte competence to mature to metaphase II and to support embryonic development. This is in contrast to the situation in oil-free pre-antral follicle culture, in which earlier stimulation produces lower numbers of PB oocytes while increasing significantly the developmental potential (Segers et al., 2010) .
Somewhat slower development to antral stages appears to be a general feature of cryopreserved compared with control follicles, irrespective of whether cryopreservation was performed for ovarian pieces or isolated pre-antral follicles, and whether cryopreservation was by vitrification or slow freezing protocols (e.g. Cortvrindt et al., 1996; Segino et al., 2005) . In this light, it is of great importance to record the kinetics of development to the antral stage also in cultures of human ovarian tissue and follicles in order to assess the best time for ovulation induction to obtain the highest quality oocytes for IVF. It will be of interest to determine whether encapsulation of pre-antral follicles, for instance into alginate beads to retain their threedimensional morphology (Barrett et al., 2010) , or addition of sphingosine-1-phosphate to culture medium, which prevents oocyte apoptosis (Morita et al., 2000; Roth and Hansen, 2004) , or activin, to support and speed up follicle development , have an influence on kinetics of development and survival of follicles after vitrification. It will also be interesting to know whether prolongation of culture of the vitrified group may also increase the yield of PB oocytes in other culture methods (Barrett et al., 2010) .
Death of oocytes is expected to have an immediate effect on follicle survival. However, damage by mechanical stress during isolation does not necessarily cause cell death in PI-positive control oocytes. Of the 10% PI-positive oocytes on Day 0 (data not shown) only 3.6% still appeared to be positive on Day 1. In contrast, osmotic and temperature stress during vitrification may particularly affect survival of oocytes that have already suffered from stress during isolation or are from lowquality follicles. In the vitrified group, roughly the same percentage (about 10%) of oocytes are PI-positive on Day 0 and Day 1. The percentage of PI-positive oocytes on Day 1 corresponds well to the death rate and loss of whole follicles of about 11% between culture from Day 0 to Day 4 in the vitrified group. This suggests that mainly oocyte injury leads to early follicular death while death of some of the somatic cells is not so critical for initial follicle survival. The presence of PI-positive CFDA SE-vital stained granulosa cells and oocytes on Day 0 indicates that the presence of some DMSO in the vitrification solution may increase permeability of cell membranes to PI immediately after thawing on Day 0. Therefore, we quantified the death rate on Day 1. In addition to DMSO, mechanical stress causing collapse of transzonal projections might also facilitate diffusion of some PI dye into otherwise intact oocytes and granulosa cells. Thus, counting the PI-positive cells at Day 0 overestimates actual cell death. Vitality tests at Day 1 are better suited to assess actual cell death and injury by vitrification. In fact, about 10% of oocytes in the vitrified group and only 3.6% in the control were PI-positive and CFDA SE-negative on Day 1 corresponding to 10 -11% follicle loss in the vitrified group and 4.7% in the control during culture from Day 0 to Day 4.
Overall, the number of PI-positive granulosa cells appears to be much lower in the vitrified follicles compared with pre-antral follicles cryopreserved by slow freezing (Cortvrindt et al., 1996) . This supports the notion that Cryo-Top vitrification is superior to other methods in preservation of intact follicles. The transient loss of TZPs and a temporary reduction in close oocyte -granulosa cell apposition as well as death of a limited number of somatic cells as seen in the present study might contribute to the slower development of follicles but not necessarily follicle atresia.
Restoration of follicle integrity and TZPs after vitrification
A recent study using electron microscopy, polarization microscopy and dye injection, of control and cryopreserved follicles of mouse, rhesus monkey and human showed loss of contacts by aTZPs and uncoupling between oocyte and granulosa cells after slow freezing of pre-antral follicles in each species (Barrett et al., 2010) . Similarly, oocytes surviving vitrification in this study have essentially lost most aTZPs immediately after equilibration in culture medium. The thick cortical actin layer in oocytes is maintained and may contribute to the rapid reestablishment of membrane organization at the cortex and restoration of contacts between somatic cells and the oocyte. The dense spacing of TZPs in optical cross-sections of follicles cultured for 8 or 12 days suggests that there is no major difference between the control and vitrified groups and that there is a rapid recovery of contacts between the two cell types in the first 4 days of culture. It will be of interest to see whether efficiency of TZP restoration and density can be influenced by culture conditions, e.g. presence of GDF9 or BMP15 or growth factors like activin , which may be used to enhance survival and normal development of the follicle after vitrification.
Oocyte growth pattern: indications for cell autonomous regulation
This is the first study to demonstrate that the transient loss of aTZPs and oocyte -granulosa cell apposition does not affect oocyte growth although the transfer of molecules between the two compartments may be temporarily disturbed. Oocyte size at Day 4, 8 and 12 of culture was essentially identical between the control and vitrified groups, suggesting an initial mostly oocyte-autonomous growth regulation. Oocyte growth was also only mildly affected in connexindepleted mouse models: growth of oocytes in follicles of Gja1(2)/ Gja1(2) ovaries failing to express connexin 43 and deficient in coupling between granulosa cells commences fairly normally but later on follicle development is totally arrested (Ackert et al., 2001) . Targeted deletion of connexin 37 in Gja4(2)/Gja4(2) oocytes also arrests follicle development at the type 4 (Pedersen and Peters, 1968) pre-antral stage. The oocytes initially start to grow but full size and maturational competence are never attained (Carabatsos et al., 2000) . In contrast, Foxo3a expression is essential for oocyte growth from the beginning . Therefore, the initial growth of oocytes in pre-antral follicles may be largely cell-autonomously regulated by the oocyte. The transient loss of contacts may not be critical for earlier stages of oocyte growth but contributes to a delay in acquisition of nuclear and cytoplasmic developmental competence, and hence may lead to growth-independent alterations in gene expression of oocytes.
The smaller diameter of oocytes from follicle culture compared with the in vivo grown oocytes has been reported by several previous studies (e.g. Hu et al., 2001; Segers et al., 2010) and appears to be independent of vitrification. Culture conditions still need to be optimized to reach in vivo oocyte diameters, but the maximum size of oocytes in follicle culture may also depend on the age of the female whose follicles were isolated (Nayudu et al., 2003) .
Notably, more oocytes of the vitrified group than of the control group emitted a first PB after induction of in vitro ovulation by rhCG/rEGF and oocyte maturation to Day 13. Although differences did not reach statistical significance, it was a rather consistent observation in repeated experiments. It is plausible that high-quality preantral follicles are more likely to survive the osmotic, temperature and mechanical stress during vitrification prior to culture compared with those of lower quality. This may contribute to a positive selection of developmentally competent follicles in the vitrified group that are capable of supporting oocyte growth, and acquisition of competence to mature to meiosis II. We have preliminary data suggesting that there is no difference in fertilization rate, development to 2-cell and blastocyst stage between the control and vitrified group, but rates are below those obtained from in vivo grown and ovulated oocytes (in preparation). Further improvement of culture conditions may help to enhance the developmental competence of the oocytes from control and vitrified pre-antral follicles to reach in vivo levels. Importantly, the present study provides evidence that vitrification and exposure to high concentrations of CPA do not affect oocyte growth pattern in surviving follicles and maturation of oocytes to metaphase II despite causing a transient loss of contacts by transzonal projections and retardation of follicle development. We are currently comparing gene expression between the two groups of oocytes to see whether there are qualitative alterations in the proteome related to vitrification and/or in vitro oocyte growth that could be relevant for development and health of offspring. For example, there could be an abundance of proteins required for zygotic gene activation or maternal methylation imprinting and de novo methylation of regulatory and repetitive elements in growing oocytes (Kaneda et al., 2010) .
Oocyte maturation, spindles and chromosomal constitution of oocytes from vitrification Several studies have addressed the question of whether vitrification of oocytes at the metaphase II stage affects spindle integrity and chromosomal constitution of mouse or human oocytes (e.g. Larman et al., 2007; Huang et al., 2007 Huang et al., , 2008 Cobo et al., 2008a,b; Gomes et al., 2008; Ciotti et al., 2009; Coticchio et al., 2010; Noyes et al., 2010) . Most studies did not detect dramatic alterations in spindle and chromosome alignment that could lead to aneuploidy, but Coticchio et al. (2010) found a lower density of spindle microtubules and an increased failure rate of chromosome congression in vitrified human metaphase II oocytes. To our knowledge this is the first study analysing the impact of vitrification of oocytes at the pre-antral stage on spindles and chromosomes after in vitro growth and maturation. We showed in previous studies that oocytes from pre-antral follicles have normal spindles, well-aligned chromosomes and are euploid (Hu et al., 2001; Sun et al., 2004 Sun et al., , 2005 Sun et al., , 2008 Lenie et al., 2008) . The observations in the present study suggest that vitrification at the pre-antral stage does not influence bi-polar spindle formation, chromosome congression and alignment at the spindle equator at metaphase II. Since there is no delay in kinetics of meiotic progression from meiosis I to meiosis II and in PB formation, it appears that there is also no delay in release from the spindle assembly checkpoint monitoring chromosome attachment to kinetochore fibres and tension on chromosomes (Vogt et al., 2008; Holt and Jones, 2009; Nezi and Mussachio, 2009 ).
In accordance, chromosomal analysis shows that there is no increase in chromosome segregation errors at meiosis I in the oocytes from the vitrified group.
Integrity of DNA and DNA methylation patterns in oocytes from control and vitrified group There is evidence that high concentrations of cryoprotectants like EG or propylene glycol may induce chromosomal damage in somatic cells (Aye et al., 2010) . Damage of mitochondria and membranes associated with age or cryopreservation can induce oxidative stress and adversely affect oocyte quality (discussed by Tatone et al., 2010) . Therefore influences of vitrification on DNA integrity in oocytes of pre-antral follicles were analysed here. The presence of PI-positive oocytes indicates that some oocytes are already irreversibly damaged due to mechanical or thermal stress by isolation or by high CPA and/or vitrification procedures, which will presumably lead to fragmentation of DNA and oocyte/follicular death. A slight increase in DNA double-strand breaks by vitrification, which does not lead to apoptosis, autophagy or necrosis, may be more relevant to oocyte health and outcomes after IVF in the clinic. Such oocytes may survive and pass on mutations or epimutations to the embryo, with far-reaching consequences for gene expression, and health and development of the embryo. DNA double-strand breaks induce recruitment of gH2AX to the chromatin in the vicinity of DNA lesions, facilitating rapid recruitment of repair enzymes and DNA repair (for recent review, see van Attikum and Gasser, 2009). The resulting nuclear gH2AX foci can be easily detected by immunofluorescence. Quantification of gH2AX-positive foci within pronuclei has been used to demonstrate DNA repair of damaged sperm chromatin in the ooplasm of rat 1-cell embryos derived from fertilization of normal oocytes with sperm of cylophosphamide-exposed males (Barton et al., 2007) . gH2AX foci formation is also a hallmark of radiation-induced DNA lesions and quantitatively reflects doseresponse (Lö brich et al., 2010) . The observed increase of gH2AX spots in the vitrified oocytes is significant and suggests that either exposure to CPA or osmotic or thermal stress may directly or indirectly cause DNA damage. However, the increase is comparatively moderate, reaching not more than 150% of control levels. Furthermore, DNA repair occurs very rapidly, since the numbers of spots return to control levels within 2 h after thawing or possibly even faster. This is consistent with the abundance of repair enzymes and high DNA repair capacity of mammalian oocytes (Fair et al., 2007; Menezo et al., 2007; Jaroudi et al., 2009) . Thus, increases in DNA breaks do not appear to pose a relevant risk for maintenance of genomic integrity and health of the embryo. Further work will show whether modified vitrification protocols and reduced osmotic stress may be beneficial to reduce and prevent DNA damage.
Several previous reports confirm that in vitro oocyte growth in preantral follicle culture in microwells is compatible with normal DNA methylation of maternally imprinted genes, independent of gonadotrophin concentration, presence or absence of a thin oil layer or high ammonium in culture medium (Anckaert et al., 2009a,b) , whereas methyl donor deficiency in the culture medium may interfere with the imprinting process (Anckaert et al., 2010) . One previous report of imprint errors in metaphase II oocytes from mouse preantral follicle culture might relate to culture procedures, e.g. culture in microdroplets in dishes covered by a thick oil layer and replenishment of medium each second day, possibly increasing risks for alterations in pH (Kerjean et al., 2003) . We analysed methylation imprints in GV-stage oocytes cultured for 10 or 12 days using microwells and culture with a thin oil layer. Using LD and bisulfite pyrosequencing, we assessed the methylation patterns of two maternally imprinted DMRs, Snrpn and Igf2r, and one paternally imprinted DMR, H19. Imprinting mutations, that is the presence of an allele with paternal methylation pattern in an oocyte, may occur during imprint erasure (demethylation) in primordial germ cells (i.e. the paternal H19 imprint is not erased) or during imprint establishment (de novo methylation) and maintenance in oocytes (i.e. Snrpn or Igf2r remain unmethylated). Although all oocytes were very carefully visually inspected before bisulfite treatment to detect contamination, one sample in our study exhibited methylation patterns typical for somatic cells. Although we cannot entirely exclude the formal possibility that the 10 oocytes in this sample show an unusually high rate of imprinting mutations, involving failures of both paternal H19 imprint erasure and maternal Snrpn imprint establishment, it is much more likely that this sample was contaminated with somatic cell DNA (i.e. from damaged cumulus cells). In our opinion, it is justified not to consider this one extreme of .30 studied samples for data analysis. The in vivo control group did not show any imprinting mutation in 94 independent alleles analysed. It is reassuring that in vivo grown GV stage oocytes of large antral follicles possess normal DNA methylation patterns although they were derived from females in the diestrous rather than proestrous stage of the natural cycle or in metaphase II. In this light, it will be interesting to study imprint patterns in in vivo grown oocytes that come from stimulated cycles. It has been speculated that ovulation induction leads to recruitment of immature follicles and consequently imprinting errors in mouse and human oocytes (Sato et al., 2007; Khoueiry et al., 2008; Market-Velker et al., 2010) . We did not find any Igf2r imprinting mutation in 15-16 alleles each of the in vivo control, in vitro control and vitrified groups. When excluding the contaminated sample, there also were no H19 imprinting mutations in 135 analysed alleles of the three different groups. However, we found Snrpn imprinting mutations (unmethylated DMRs) in two of 47 alleles from in vitro grown control oocytes and one of 50 alleles from GV stage oocytes obtained from vitrified follicles (excluding the contamined sample), although no statistically significant difference with the in vivo control was reached.
Such imprinting mutations were never found in previous studies on metaphase II oocytes of pre-antral follicle culture performed in wells (Anckaert et al., 2009a (Anckaert et al., ,b, 2010 . In view of the fact that we analysed imprinting in GV-stage oocytes rather than metaphase II stages and that not all GV oocytes of antral follicles are capable of maturing to metaphase II, it is possible that the observed imprinting mutations were derived from one or two incompetent oocytes in the analysed samples, unrelated to general disturbances in imprinting due to in vitro growth conditions. In conventional methylation analyses (e.g. Anckaert et al., 2010) , the bisulfite-treated DNA of 100 or more oocytes is amplified before cloning and sequencing. Because LD analyses individual DNA molecules from the starting sample in separate reactions, it is particularly suited to detect rare events ('needle in a haystack'), such as imprinting mutations. The two aberrant alleles in the in vitro control group were derived from different oocyte samples at Day 12 of culture and, therefore, do not appear be due to oocyte immaturity and precocious harvest. The one aberrant allele in the vitrified group came from a sample isolated at Day 10 of culture, possibly reflecting immaturity of the follicle and oocyte. Future studies will show whether there are consistently abnormal methylation patterns of GV-stage oocytes at Day 10 or earlier that could contribute to the low developmental potential of such oocytes, and whether the aberrant imprints are retained in metaphase II oocytes or rather are intrinsic to oocytes with maturational incompetence. When interpreting the medical relevance of our data, we have to take into account that methylation analysis of three imprinted genes gives only a partial view on epigenetic reprogramming of the oocyte. However, it is plausible to assume that aberrant imprints may be a hallmark of immaturity and/or low-quality oocytes from lowquality follicles that fail to respond to the ovulatory stimulus. The relative high and similar numbers of oocytes containing a SN and the similarly low rate of imprinting mutations in vitrified oocytes (,1%) and in vitro grown (2%) and in vivo (0%) control oocytes suggests that vitrification at pre-antral stage does not interfere with imprint establishment and maintenance or the acquisition of full maturational and developmental competence of oocytes. Avoiding short culture periods and selecting PB-oocytes with fully expanded cumulus for IVF may reduce risks of obtaining immature oocytes with abnormal methylation patterns after follicle vitrification and embryos with imprinting defects.
Single CpG methylation errors occurred at similar rates (x 2 test; P , 0.1) in in vivo control oocytes (1.5%; 8 of 542 CpGs), in vitro grown control oocytes (2.1%; 12 of 579) and vitrified oocytes (3.1%; 21 of 685). They are presumably not critical for control of gene expression in oocyte and embryo. They may arise by stochastic errors during erasure, establishment or maintenance of methylation patterns, contributing to epigenetic variability. The stochastic error rate appears to depend on the gene locus and/or genomic context. It was slightly but significantly (x 2 test; P ¼ 0.02 and 0.05, respectively) higher in Snrpn (3.1%; 33 of 1063 CpGs) than in Igf2r (0.5%; 1 of 224) and H19 (1.4%; 7 of 519). In the Igf2r and H19 DMRs, single methylation errors occurred randomly at different CpG sites, as expected for stochastic errors. It is striking that in the Snrpn DMR, most errors affected the first CpG in the in vitro control and the fifth CpG in the vitrified group. Since these errors were found in different samples, this non-random distribution may reflect a true biological phenomenon, i.e. between-group differences in chromatin structure and/or epigenetic reprogramming mechanisms. One may speculate that isolation of the pre-antral follicles and vitrification of the follicle at a critical stage interfere with nucleosome positioning (Dodd et al., 2007) , growth associated histone modifications (Kageyama et al., 2007) and/or transcription, which appears to be necessary for methylation of maternally imprinted domains (Chotalia et al., 2009 ). This could subtly affect spatio-temporal coordination of the epigenetic reprogramming process in oocytes and render de novo methylation/maintenance at particular CpG sites more difficult than that of others. Recently, we have shown that the relative differences in methylation among neighbouring CpGs in functionally important cis-regulatory regions may not only reflect stochastic fluctuations but also depend on the tissue type and developmental stage . Both the originally maternal and paternal alleles of Snrpn are demethylated during primordial germ cell formation but the maternally derived allele is methylated before the paternal one in growing oocytes (Lucifero et al., 2004a,b) . Thus, epigenetic differences related to chromatin structure appear to exist, which might contribute to differential sensitivity to stress by mechanical isolation or vitrification of pre-antral follicles. Overall, single CpG methylation errors should not cause dramatic alterations in gene expression but further studies in metaphase II oocytes and IVF embryos have to show whether such errors can be eliminated during the final stages of maturation to metaphase II, or whether they may play a role in gene expression in the embryo. Influences of vitrification on the capacity to maintain parental imprinting, remodel sperm chromatin and demethylate or re-methylate nonimprinted regions of DNA after fertilization need to be further assessed and such work is in progress in the scope of short-term and long-term safety tests.
In conclusion, the present work provides comprehensive evidence that exposure to high CPA and transient loss of contacts between the oocyte and the granulosa cells by Cryo-Top vitrification method does not affect spindle formation, chromosome distribution or induce profound DNA damage or maternal imprinting errors during in vitro growth of mouse oocytes. Thus, Cryo-Top vitrification appears to present a safe method to cryopreserve mammalian follicles and oocytes without overt adverse effects on oocyte quality, genetic and epigenetic constitution and developmental potential or health of offspring. However, future studies on imprinting maintenance after fertilization, health of offspring and transgenerational analysis of imprint patterns are still warranted to confirm safety of cryopreservation by vitrification.
